Background: Application of potassium ferrate is a chemical oxidation approach used for water and wastewater treatment. The aim of this study is to apply central composite design (CCD) and response surface methodology (RSM) to optimize potassium ferrate consumption in the treatment of wastewater from carpet industries. Methods: Samples in this experimental study were collected from wastewater, originating from a carpet factory. Wastewater sampling was carried out monthly for a period of two seasons. Ferrate oxidation experiments were conducted by means of a conventional jar-test apparatus. The time and speed for mixing were set with an automatic controller. Parameters of study were measured based on given methodologies in Standard method for examining water and wastewater. CCD and RSM were applied to optimize the operating variables including potassium ferrate dosage and pH. Results: Results showed that potassium ferrate concentration (A), pH (B), their interactions (AB) and quadratic effects (A 2 and B 2 ) were significant in the removal of COD, turbidity, color and TSS from carpet industries effluents. At an optimum point (COD: 160 mg/L of potassium ferrate and pH 4, turbidity: 165 mg/L of potassium ferrate and pH 4, color and TSS: pH 4.5 and 150 mg/L of potassium ferrate) removal efficiencies for COD, turbidity, color and TSS were 86, 86, 87 and 89%, respectively. Conclusion: Potassium ferrate has a significant impact on pollutants decomposition and the removal of color from wastewater produced in carpet industries. This process can be employed for the pretreatment or post treatment of wastewaters containing refractory organic pollutants. CCD and RSM are suitable tools for experimental design.
Introduction
A large amount of wastewater produced in textile industries emerges from color containing units with a wide range of contaminants that must be treated before being discharged into the environment. Wastewater originating from color-containing effluents embodies a high COD, large fluctuations, high pH and temperature (1) . Moreover, in many cases, these effluents are toxic and lead to ecosystem damage by producing some hazardous byproducts. Application of potassium ferrate as an advanced approach is appropriate for the treatment of such types of wastewater (2, 3) . Potassium ferrate (K 2 FeO 4 ) is a ferrous salt (iron salt) containing an uncommon ion with oxidation valence +6. The ion (FeO 4 ) -2 is a strong oxidant and its oxidizing potential in acidic and alkaline conditions is 2.2 and 0.72 V respectively. As potassium ferrate is reduced to Fe 3+ ions or ferric hydroxide during oxidation process, it is capable of conducting coagulation. As a result, potassium ferrate has two functions in water and wastewater treatment: oxidation and coagulation. Hence, it is recommended for the removal of environmental contaminants. This chemical compound is a green chemical (4, 5) and its reaction in aquatic environment is shown in Eq. (1). 
Ferrate (VI) has been successfully utilized in water and wastewater treatment (6) . Currently, some researches has been carried out regarding the removal of pharmaceutical contaminants and micro pollutants utilizing ferrate (VI) and the results showed the effective impact of this com-pound in decomposition of such contaminants in aquatic environment. The limitations of classical methods include high time consumption due to numerous experiments and high cost of consumables that can be omitted by statistical experimental designs. Furthermore, in this approach, it is impossible to examine the interactions among variables (7) . Response surface methodology (RSM) is an appropriate method that can resolve these limitations. In this study, RSM was employed to optimize variables influencing the elimination of chemical oxygen demand (COD), color, turbidity and TSS from wastewater. RSM was derived from statistical and mathematical technique. It can be used to study the effect of several factors at three or five level as well as their influence on each other (8) . In this study, central composite design (CCD) was utilized for experimental design. It is an effective design that does not need a greater number of experimental runs (9) . Moreover, experimental designs such as CCD model provides valuable data on direct, pair wise interaction, and curvilinear variable effects (7) . This study uses CCD and RSM to optimize potassium ferrate consumption in the treatment of wastewater from textile industry.
Methods
Experimental setup and procedure Samples were collected from a carpet factory's effluents. The colors utilized in this industry were of azo and anthraquinone types. Sampling was carried out monthly and during summer and fall. , and coefficient of variation (CV). Generally, a good model must be significant based on P value and F value as opposed to the lack of fit (insignificant). The independent variables were concentration of potassium ferrate (mg/L) and pH denoted by A and B respectively. Furthermore, the removal efficiencies of COD, turbidity, color and TSS were considered as response variables that are denoted by Y 1 , Y 2, Y 3 and Y 4 , respectively. Performance of the procedure was evaluated by assessing the efficiency of COD, turbidity, color and TSS removals. The variables were coded according to Eq. (2):
Where x i is the coded value of the independent variable, x 0 is the value of x i at the center point and Δx is the difference of variable values. The maximum, central and minimum values (+1, 0,-1) of each variable was specified based on CCD. In this study, CCD included 2 k fractional factorial points (k = 2), 2k axial points and 5 center points. Thus, 13 experiments including 4 factorial points, and 4 axial points were carried out. In order to evaluate the pure error, 5 additional experiments were carried out at the center point. Following the analysis of experimental data, optimal conditions were graphically determined. Determination of optimum conditions for several parameters was carried out by overlaying of plots called graphical optimization. Graphical optimization reveals the area of feasible response values in the factor space and the regions that do fit the optimization criteria would be shaded (7, 8) .
To confirm the results obtained from experimental data, two additional experiments were carried out in optimum conditions and the results were compared. System behavior was described by Eq. (3) which is an experimental quadratic polynomial model.
Where Y, i, j, β, e and k represent the response variable, linear constant, quadratic constant, regression constant, random error as well as the number of parameters, respectively.
The minimum and maximum range of variables was investigated along with the full experimental plan, with respect to their values in actual and coded form as listed in Table 1 .
Results
The results of qualitative analysis of the wastewater are shown in Table 2 .
Based on the 13 experimental results, the CCD for the experimental variables is shown in Table 3 . According to the obtained results, the highest removal efficiencies for COD, turbidity, color and TSS were 90%, 87%, 89.6% and 91%, respectively. The results obtained from analysis of variance (ANOVA) with regards to the removal of COD, turbidity, color and TSS utilizing potassium ferrate are shown in Table 4 . As shown in quadratic effects (A 2 and B 2 ) and their interactions (AB) were significant (P ≤ 0.0001) in the removal of COD, turbidity, color and TSS. As presented in Table 4 , the Fisher coefficient (F-value) for the removal of COD, turbidity, color and TSS were significant. The final quadratic equations for the removal of the study parameters were obtained as shown in Eq. (4) to (7) . COD removal (%) Y 1 = 85.2-3.11A + 3.6B +8.75AB-12.98A2-6.18B2 (4) Turbidity removal (%) Y 2 = 84.82-2.56A + 4.9B + 6.62AB -10.24A2 -8.24 B2 (5) Color removal (%) Y 3 = 86.27-2.79A + 6.48B + 3.67AB -23.84A2 + 14.24 B2 (6) TSS removal (%) Y 4 = 87.6-3.48A + 6.31B 3.5-AB -17.01A2-20.01 B2 (7) The model equations were employed to generate 3D contour plots. The 3D contour plots for the effective factors in eliminating COD, turbidity, color and TSS are plotted in Figure 1 . As shown in the plots, all responses have an optimum removal point. With respect to Figure 1A and 1B, the optimum pH for the removal of COD and turbidity was 4, while it was 4.5 for color and TSS removal ( Figure  1C and 1D) . Also, the optimum dose of potassium ferrate for the removal of COD and turbidity were obtained as 160 and 165 mg/L, respectively, while it was 150 mg/L for color and TSS removal. In this condition, removal efficiencies for COD, turbidity, color and TSS were 86%, 86%, 87% and 89%, respectively. By overlaying four 3D plots, the optimum removal efficiencies for COD, turbidity, color and TSS were obtained as 84%, 85%, 85% and 87%, respectively. In this condition, the dose of potassium ferrate and pH value was obtained as 160 mg/L and 4.3 respectively after overlaying four 3D plots (Figure 2 ). Based on the results obtained from the final quadratic model, to confirm the reliability of the model, two additional laboratory experiments were carried out utilizing the optimum conditions suggested by the Design-Expert software as shown in Table 5 . The optimum conditions were obtained at pH 4.3 and 160 mg/L potassium ferrate concentration. At optimum conditions, COD, turbidity, color and TSS efficiency were obtained 84.5, 85, 85.3 and 88.3% respectively.
Discussion
The quality of quadratic polynomial model fit was expressed by R 2 and Adj.R 2 . R 2 should be close to 1, as this would show better correlation between the predicted and experimental values. A high R 2 coefficient ensures a satisfactory adjustment of the quadratic model to the experimental data. As a result, an optimal agreement with the adjusted R 2 is important (8, 9) . In this research, in all cases, R 2 coefficient was high. The high values of R 2 suggest the high agreement of the obtained experimental data, with the data evaluated by the model. So, it can be said that the quadratic model has a good fitness for the data. Adequate precision is a measure of the range in predicted response relative to its associated error, in other words, a signal-tonoise ratio. Its desired value is 4 or more (11, 12) . In this study, AP values for the removal of COD, turbidity, color and TSS were greater than 4 indicating the existence of adequate signal and the high capability of this model in predicting the results. Coefficient of variance (CV) estimates the ratio of the standard error to the mean value of the observed responses (as a percentage) and also describes the reproducibility of models. Normally, we can consider a model to be reproducible when its CV is not greater than 10% (9) . CV was within the acceptable range of 10% which proves the reproducibility of the model and high precision in the results. All of these terms indicated a good fitting when there is high correlation between the observed and predicted values. The lack of fit (LOF) F-test describes the variation of data around the fitted model. If the model does not fit the data well, the lack of fit test will be significant (8) . Lack of fit test for COD, turbidity, color and TSS responses were not significant, thus it shows a good fitting of the data to the model. The response surface plots were approximately symmetrical in shape with circular contours. All response plots showed clear peaks, indicating that optimal conditions for the maximum responses depend on the dose potassium ferrate and pH in the design space. Initial concentration of ferrate and initial pH value has a significant influence in the oxidative ability of the ferrate ion. With respect to Figure 1 , the interaction effects of ferrate dose and pH on responses, demonstrate concentrically closed curves. The centers represent the optimum conditions, indicating that experimental design has been well carried out. Furthermore, the experimental results which were obtained from the optimum conditions, showed the precision of the resulting data and models. Previous studies have reported that potassium ferrate can also eliminate a range of metals (e.g., Fe 2+ , Fe 3+ , Mn 2+ , and Cu 2+ ) and toxic heavy metals (e.g., Pb 2+ , Cd 2+ , Cr 3+ , and Hg 2+ ) to a low level at a dose range of 10-100 mg/L as K 2 FeO 4 (13, 14) .
The results of a study carried out on the application of 70 mg/L potassium ferrate for the treatment of colorcontained textile wastewater, indicated that high removal efficiencies of COD, color and turbidity were 91%, 50% and 93%, respectively. Except the color removal efficiency, other variables were consistent with current study (15) . This can be due to different characteristics of textile wastewater. Some researchers employed encapsulated potassium ferrate (VI) for the removal of DNBP (dinitro butylphenol). The optimal conditions regarding the degradation of DNBP were pH 6.5 and encapsulated concentration of 1.2 g/L. They also reported that encapsulated potassium ferrate (VI) was very effective in COD reduction as well as the decolorization of real wastewater from the manufacturing of DNBP. In addition, they stated that the removal of DNBP increased with encapsulated Fe (VI) concentration. The DNBP removal increased with corresponding efficiency from 68% to 93% when the encapsulated Fe (VI) dosage increases from 0.4 to 1.2 g/L (16). High consumption of ferrate for the degradation of DNBP may be as a result of complex structure of this compound. The results of a study showed the highest removal efficiencies for Ibuprofen and Ciprofloxacin by potassium ferrate in pH 4 and 5-6, respectively (17) . Moreover, another research reported complete removal of flurbiprofen from aqueous solutions by ferrate in pH 4 (18) , which were in agreement with our study. The results of a research carried out on the removal of bisphenol compounds by ferrate (VI) indicated that when pH increases from 3 to 5, bisphenol removal efficiency by ferrate (VI) would increase from 85.1% to 95.2% (19) . Our results were in line with those of the mentioned study.
A study carried out in relation to the removal of turbidity and COD in the batch reactor with ferrate dose of 15 mg/L for secondary wastewater treatment, showed a significant improvement with respect to the removal of suspended solids (70.8%) and turbidity (78%) (20) . The low consumption of potassium ferrate when compared to the findings of our study may be as a result of low concentration of organic matters in secondary effluent. A report obtained on the comparative performance of potassium ferrate (VI) and ferric sulphate for the removal of COD, color and turbidity in sewage treatment, showed that potassium ferrate (VI) could reduce COD and organic contaminants in comparison with ferric sulphate for the same doses utilized. Furthermore, the volume of sludge produced by potassium ferrate (VI) was much less than ferric sulphate, which ought to make subsequent treatment of sludge easier. 
Conclusion
Potassium ferrate is an effective compound for the treatment of wastewater from carpet factories. However, the limitations of the ferrate application are related to the instability of its solutions along with the complicated preparation and storage of this compound. CCD of RSM can be utilized to determine the significant variables and optimum condition for textile wastewater treatment with respect to COD, TSS, turbidity, and color removal. Potassium ferrate concentration (A), pH (B), their interactions (AB) and quadratic effects (A 2 and B 2 ) were significant in the removal of COD, turbidity, color and TSS from carpet industries effluents. The statistical approach has been confirmed to be a powerful tool in studying textile wastewater treatment utilizing potassium ferrate.
